Hypothetical scanning molecular dynamics (HSMD) is a relatively new method for calculating the absolute free energy and entropy. HSMD is extended here for the first time for calculating the absolute free energy of binding, ∆A 0 , as applied to the avidin-biotin complex. With HSMD the ligand is built (more accurately reconstructed) from nothing in solvent and in the protein, in contrast to the commonly used methods where the ligand is annihilated (by thermodynamic integration) in these environments. Therefore, the end-point problem encountered with the latter methods does not exist with HSMD and the need for restraints is avoided. Also, the entropy of the ligand and water in both environments is obtained directly as a byproduct of the simulation. The binding mechanism of biotin to avidin involves a mobile loop that is expected to be in an open conformation in unbound avidin, which is changed to a closed one upon binding, that is, the loop moves to cover biotin in the active site. The contribution of the loop's conformational change to the total free energy of binding is calculated here for the first time. Our result, ∆A 0 ) -24.9 ( 7 covers the experimental value -20.7 kcal/mol within the error bars.
I. Introduction
The noncovalent association of molecules is central to many biological processes, such as the action of hormones, the recognition of antigens by the immune system, the catalysis of chemical reactions by enzymes, and the action of drugs. Therefore, development of simulation methods for calculating the affinity (free energy) of molecular binding is important for both academic and practical reasons as they will help in elucidating the mechanisms of complex biological processes, which might be used in rational drug design and might lead to other therapeutic means.
In addition to the available simplified and fast scoring functions that enable one to screen large databases of ligands in drug design, it is imperative to also devise highly accurate methods for calculating the free energy of binding based on detailed molecular interactions and rigorous statistical mechanics; such methods are required in the refinement stage of the screening procedure. Of special interest in this category are methods for calculating the absolute (standard) free energy of binding of a (small) ligand to a protein or a DNA.
Indeed, in the last 30 years, a great deal of work has been done in this direction, where various techniques have been developed and applied to a wide range of problems (refs 1-11 and references cited therein). A central approach is based on thermodynamic cycles, where the interactions between the ligand and its environment are decreased to zero in both, the active site and the bulk solution (water), using thermodynamic integration (TI) or free energy perturbation (FEP) procedures.
Implementing this approach, which is sometimes called the double annihilation method (DAM) [1] [2] [3] [4] [5] is not straightforward. During the final stages of TI, the ligand leaves the active site and starts wandering within the volume (incluing the protein), which makes it extremely difficult to obtain converged results; also in most of the DAM applications the effect of the standard state has been ignored (ref 12 as recent example). Still, this method has been used successfully in recent years, 8, 13 where in a later study 13 the effect of the standard state has been considered. The end-point problem has been rigorously solved by adding restraints that hold the ligand in the active site; the corresponding bias introduced is later removed by releasing the restraints. Because of the additional integration (e.g., TI) step involved, this procedure is sometimes called the double decoupling method (DDM). [3] [4] [5] However, application of DDM can become an elaborate process due to the (typical) use of several harmonic restraints and the need to optimize their force constants. 14 This approach has been developed systematically in the last 15 years, 9, 7, 15 where various implementation issues have been improved and a large number of complexes have been successfully studied (review by Deng and Roux 9 ). In spite of this success, it should be noted that every technique has limitations, and those of DAM have been specified above. Likewise, one can envisage potential limitations of DDM, 16 for example, in treating large flexible ligands; 5 also, there is always the risk that applying external forces will impose irreversible changes on the complex (e.g., disruption of hydrogen bonds), which can affect the free energy significantly. 17 Therefore, it is desirable to develop alternatiVe techniques with unique properties for calculating the free energy of binding. A potential such method is the hypothetical scanning molecular dynamics (HSMD) (or HSMC when Monte Carlo replaces MD)
18-22 -a general exact technique for calculating the absolute entropy and free energy, which has been developed in our group in the last several years. HSMD is extended here for the first time to handle protein-ligand complexes; we hope that it will enrich the field by increasing the arsenal of tools for calculating binding affinities.
As will be explained later, with HSMD, which is an exact method, the ligand in both environments is built (more exactly reconstructed) from nothing rather than annihilated or decoupled (as with DAM and DDM); therefore the end-point problem encountered with DAM does not exist and the need for applying restraints is avoided. Also, the individual contributions of the ligand and water to the entropy are obtained in both environments as byproducts of the simulation and the method is particularly suitable to handle large ligands; calculation of the ligand entropies is important in rational drug design. Thus, HSMD constitutes a new method independent of existing techniques for calculating the absolute free energy of binding.
Our method is applied here to the avidin-biotin complex, which has been studied extensively both by experimental and computational techniques. The entire methodology consists of three main components, (1) application of HSMD, (2) thermodynamic integration (TI), and (3) calculation of the effect of a mobile loop which covers the bound biotin (this effect has been ignored in most of previous computational work). To introduce all these components and check their numerical performance, we apply HSMD-TI in this work to a somewhat simplified model of avidin, where its coordinates are held fixed in their X-ray structure positions (the template). The present results will shed light on the quality of this model, and will constitute reference values for comparison with future HSMD-TI results for the avidin-biotin complex based on more detailed models; preliminary results for a moving template are presented as well.
I.1. Avidin-Biotin Complex. HSMD is applied here to the avidin-biotin complex. Hen egg-white avidin is a tetrameric glycoprotein composed of 4 × 128 residues, which can bind up to four biotin molecules. The experimental free energy of binding is one of the highest in nature, 23 a property that has been exploited to devise powerful tools for affinity chromatography, biochemical assays, and many other applications. [24] [25] [26] Biotin binds to the end of the -barrel formed by each subunit of avidin and as is shown by the crystal structures of the complex, the bound biotin is covered by the 12-residue surface loop, 35-46 (connecting strands 3 and 4, thus denoted L3,4); 27, 28 this closed conformation is expected to contribute significantly to the binding affinity. In fact, in streptavidin -a protein with a similar structure and binding affinity (∆A 0 ) ∼ -18 kcal/mol) deletion of the corresponding 8-residue loop (45-52) via circular mutation decreases the binding affinity by approximately 10 kcal/mol. 29 Also, in computer experiments this (covering) loop disturbed the pulling of biotin from avidin and had to be removed. 30 Because the conformational changes of this loop are expected to affect the free energy, we discuss them in some detail below.
The conformation of L3,4 in apo avidin is less clear. In the early X-ray structures of Pugliese at al. 27, 31 (based on crystals belonging to tetragonal space group P4 2 2 1 2) the apo (protein data bank (pdb) 1avd) and holo (1ave) structures were found to be similar (rmsd of 0.57 Å) meaning that the loops share approximately the same (closed) conformation. However, Pugliese et al. comment that a closed-loop conformation leads to a narrow aperture that would prevent biotin from entering the active site in apo avidin. This situation, which is not expected to exist in solution, is attributed to the effect of crystal contacts. Indeed, in a later study by Livnah et al. 28 (using crystals of the space group, P2 1 2 1 2) the apo and holo structures (with 2.6 and 3 Å resolution, respectively) were found to be the same besides L3,4 which appears disordered in apo avidin (2avi). A disordered L3,4 in apo avidin was also observed by Nardeone et al. 32 [P2 1 
II. Theory and Methodology
II.1. Modeling the Avidin-Biotin System. In this initial study of the free energy of binding we are mainly interested in checking the performance of HSMD, therefore (as mentioned earlier) the modeling of avidin/biotin/water is somewhat limited. As described later, application of HSMD requires MD simulations of biotin in solvent (water) and in the active site of avidin. For water we apply the TIP3P model 35 and for biotin we use the force-field parameters derived by Israilev et al. 30 where the total charge is zero, whereas for the experimental measurements at pH∼5 the carboxylic acid should be ionized. 23 However, a charged biotin would require considering long-range electrostatic effects which we seek to avoid in this initial study.
Conformational search study of biotin in vacuum and water (section III.1) has yielded structures similar to that of bound biotin (in 1avd), which thus was chosen as the initial unbound structure for MD simulations; it was solvated by a sphere of 794 water molecules with bulk water density (0.0350 Å -3 ). These waters are kept within the sphere (of 18 Å radius) by a flat-welled harmonic potential with a spring constant of 10 kcal mol -1 Å -2 (i.e., if the distance of a water molecule from the center is greater than 18 Å, the potential is turned on; otherwise, it is off); this system is called the solvent system.
On the protein side, we started with the pdb structure 1avd, 27 which was relaxed by energy minimization, where the heavy atoms were restrained to their crystal structure positions by harmonic forces with a constant of 5 kcal/(mol Å). However, treating this tetrameric biotin-avidin structure would be computationally expensive; therefore, we consider only a spherical part of the molecule consisting of the residues within a distance of 18 Å from the center of the binding site of subunit B. This reduces the number of atoms (including hydrogens) from ∼8000 to 2082, where the optimized positions of the latter atoms define a fixed template (of +2 charge), which is not moved by MD. Next, we defined a water sphere of 18 Å radius centered in the binding site, which was filled with 355 TIP3P waters with the normal density of bulk water. As in the solvent system, water molecules are kept within the sphere by a harmonic potential of 10 kcal mol -1 Å -2 . This system will be called the protein system.
MD simulations of the protein and solvent systems were performed with the TINKER 5.0 package 36 using the AMBER 99 force field, 37 where Lys, Arg, Glu, Asp, and His are charged; the temperature was kept at 300 K with the Berendsen thermostat, based on a time constant of 1.0 ps. 38 The RATTLE algorithm kept bonds of hydrogens constant, which allowed using a 2 fs time step, and no boundary conditions or cut-offs on interactions were applied. Notice that only the biotin and water molecules move in the simulation, whereas the templatebiotin and template-water interactions (with the fixed template) are taken into account. Thus both the protein and solvent systems are described by the canonical (NVT) ensemble.
As pointed out above, we also seek to take into account the open conformation of L3,4 in apo avidin. However, unlike streptavidin, only the coordinates of the end residues 35-36 and 42-45 are available. Therefore, we carried out a conformational search (without biotin) consisting of five MD runs where the end residues of the initial loop conformations have the corresponding pdb coordinates (1vyo). The three final conformations with the coordinates of the end residues closest to the pdb values were chosen to represent the open conformation of L3,4.
II.2. Absolute Free Energy of Binding. Because our systems are defined in the NVT ensemble, we rely on the derivation of ref 5 where the absolute Helmholtz free energy of binding ∆A 0 is P, L, and N stand for protein, ligand, and the number of solvent molecules (water), respectively. Thus, Z j PL,N , Z j P,N , and Z j L,N are the conformational partition functions of the complex, protein, and ligand all in water; Z 0,N is the partition function of N water molecules in the volume. The bar means that P and L in Z j are defined by internal coordinates; 8π 2 comes from integrations over the three (angular) external coordinates, where V 0 ) 1660 Å 3 is the standard volume. Expressing ∆A 0 in terms of Z j is convenient as with HSMD only the internal entropies of the ligand are calculated. Still, notice that the ligand moves in the active site and we shall see later that in the framework of HSMD this effect can be treated exactly by calculating the probability of the six external coordinates of the ligand (in the active site but not in solvent). However, because the present model the volume of the active site remains constant, this effect is small and is thus calculated approximately by evaluating the product Ω a V a , which is added to eq 2 below; V a is the volume available for biotin's reference atom in the active site and Ω a is an average angular contribution due to integration of the three Euler angles. 4 This is the only approximation applied in our methodology. ∆A 0 is expressed in terms of configurational (Helmholtz) free energies, F, and an additional term ∆F p and ∆F sol are free energy differences defined for the protein environment and the ligand in solvent, respectively, which are calculated by HSMD. Also, the absolute Gibbs free energy, ∆G 0 ∼ ∆A 0 because ∆G 0 ) ∆A 0 + P 0 ∆V j PL where the (ignored) P 0 ∆V j PL is expected to be small. 4, 7 
II.3. HSMC(D) Method.
The HSMC(D) method enables one to calculate the absolute entropy and free energy from a sample generated by MD, 39, 40 Monte Carlo 41 (MC), or any other simulation technique. HSMC(D) is based on the fact that a system configuration can, in principle, be generated exactly also by a step-by-step (growth) procedure, where particles are added gradually to an initially empty volume using transition probabilities (TPs). A trivial example is an ideal chain of N bonds on a square lattice, that is a chain without the excluded volume interaction. An ideal chain can be simulated exactly by the dynamical MC method where the entropy, however, is unknown; alternatively, a chain configuration, i, can be constructed from nothing as a random walk where a bond's direction (out of four) is chosen with TP )
1 / 4 at each step; here the Boltzmann probability is known, P i B ) ( 1 / 4 ) N and thus the entropy is known as well. Clearly large samples constructed by MC or as random walks are equivalent, in the sense that they lead to the same thermodynamic averages and fluctuations.
However, for a complex system, application of this exact growth procedure will in general be very inefficient. Still, relying on its equivalence with MC (MD), one can assume that a given MC (MD) sample has rather been generated by the exact growth method, which enables one to reconstruct each conformation i by calculating the TP densities that hypothetically were used to create it step-by-step (from now on we shall omit in most cases the letters MC).
In practice, the product of the TPs leads to an approximation, P i for the correct Boltzmann probability P i B , where from P i various free energy functionals (F) can be defined. Whereas the TPs of HSMD are stochastic in nature (calculated by MD simulations), all of the system interactions are taken into account; in this respect HSMD can be viewed as exact, 18 where the only approximation involved is due to insufficient MD sampling for calculating the TPs. HSMD has unique features: it provides rigorous lower and upper bounds for F, which enable one to determine the accuracy from HSMD results alone without the need to know the correct answer. Furthermore, F can be obtained from a very small sample and in principle even from any single conformation (e.g., see results for argon in ref 18) . The HSMD methodology has been developed systematically, as applied to systems of increasing complexity. The initial (HSMC) calculations of liquid argon, TIP3P water, 18 self-avoiding walks, and polyglycine molecules 22 were found to be highly accurate by comparisons with results obtained by other well established techniques; these results also demonstrate the above theoretical predictions related to F. 22 Below we describe how HSMD is applied for calculating ∆F sol of eq 2.
One starts by generating an MD sample of size n s of biotin soaked in N water molecules. The reconstruction of biotin is done in internal coordinates which are the K ) 28 dihedral and bond angles ordered along the chain where their set is denoted [R k ], k ) 1...K [the bond lengths are ignored because they do not contribute to entropy differences. [19] [20] [21] The Jacobians related to the bond angles were found in previous work and in the present one to get canceled in entropy differences; therefore, for simplicity they are ignored in the following discussion]. In practice, one denotes the ordered heavy atoms (and one hydrogen) along the chain by k′)1... K / 2 ) 14, that is k ) 2k′; the dihedral and bond angles, k -1 and k define the position of atom k′.
First one calculates the variability range
, where R k (max) and R k (min) are the maximum and minimum values of R k found in the sample. Each of the configurations (frames) ([R k ],x N ) (denoted i for brevity) of the sample is reconstructed in two stages, where the biotin structure is reconstructed first followed by the reconstruction of the water configuration x N . Because the position of atom k′ is defined by a dihedral and a bond angle one has to calculate their TP
simultaneously. Thus, at step k′ (k ) 2k′) of stage 1, the k -2 angles R k-2 · · · R 1 have already been reconstructed and the TP density of
, is calculated from an MD run, where the entire future of biotin and water is moved (i.e., biotin's atoms k′,k′ + 1, ... K / 2 and their connected hydrogens, and the water coordinates x N ), whereas the past (biotin's atoms 1,2, ..., k′ -1 and their connected hydrogens) are held fixed at their values in conformation i. By considering a future conformation every 6 fs, a sample of size n f is generated. Two small segments (bins) δR k-1 and δR k are centered at R k-1 (i) and R k (i) respectively and the number of simultaneous visits, n visit , of the future chain to these two bins during the simulation is calculated; one obtains [19] [20] [21] [22] where
will be somewhat approximate due to insufficient future sampling (finite n f ) and relatively large bin sizes. The corresponding probability density related to the biotin's conformation is The entropy of biotin in the active site is calculated in the same way, where the reconstruction by MD simulations also depends on the water-template (denoted tmpl) and biotintemplate interactions. We denote the entropies of biotin in the protein and solvent (water) environments by S btn A (p) and S btn A (sol) respectively, where our main interest is in their conVerged difference, ∆S btn , which is expected to be the exact difference within the statistical error, Thus, we calculate S btn A (sol) and S btn A (p) for increasing values of n f and decreasing bins, verifying that both entropies decrease monotonically as the approximation improves, that is, both approach to the correct values from above. Typically, the convergence of ∆S btn A is much faster than that of the individual entropies, because of cancellation of comparable systematic errors in S btn A (sol) and S btn A (p). Thus, one can obtain ∆S btn in any desired accuracy within a given statistical error where the required convergence is reached by increasing n f and decreasing the bin sizes (the statistical error also depends on the sample size, n s and other simulation parameters); the range of errors obtained in our previous work is 0.2-1 kcal/mol. Therefore, HSMD is considered to be an exact procedure. As pointed out earlier the probability of the reference atom of the ligand in the active site should be calculated; this is discussed later in section III.3.
II.4. HSMD-TI. In principle, one can reconstruct also the water configuration. 18 However, this procedure is time consuming and would be necessary for calculating the absolute values of the four components, F j PL,N , F j P,N , and so forth in eq 2. On the other hand, the water contribution to the differences, ∆F p and ∆F sol , can be calculated for each of the n s configurations by a thermodynamic integration (TI) procedure in which the already reconstructed biotin conformation [R k ] is kept fixed and the water-biotin interactions are increased gradually from zero to their full values. In practice, however, it is easier to decrease these interactions to zero, where the charges are eliminated first (using a parameter λ f 0) followed by the elimination of the Lennard-Jones (LJ) potential, which leads (in solvent) to the contributions, F . Again, only water-biotin interactions are eliminated (whereas watertemplate, biotin-template, and water-water interactions remain intact and the L3,4 loop is closed). These functionals are denoted by p instead of sol.
One can also calculate the difference in the water energy between the end points (denoted by λ ) 1 and 0) where in solvent E water (sol) ) E water-water (sol,1) + E water-btn (sol,1) -E water-water (sol,0), which leads to the change in the water entropy TS water (sol) ) E water (sol) -F water TI (sol). In the same way, one defines E water (p) and TS water (p), where E water-tmpl (p,1) and E water-tmpl (p,0) should also be included. This calculation is possible because biotin is kept fixed during TI.
We also seek to calculate the difference in free energy between the closed and open conformations of the L3,4 loop. Because the loop constitutes a part of the fixed template, and template-template interactions are ignored, only the change in loop-water interactions is considered in the calculation of ∆F loop . Thus, ∆F loop is calculated by the same TI procedure described above applied to each fixed loop structure (where the rest of the template without biotin is the same). 
S btn
where E btn-btn (p), E btn-btn (sol), and E btn-tmpl (p) are the averages (over n s configurations) of the intrabiotin and biotin-template energies; these energies together with S btn define F btn . The two branches in brackets in eq 8 define a thermodynamic cycle (depicted in Figure 1 ).
III. Results and Discussion

III.1. Preliminary Studies.
Before simulating biotin in water, two questions should be answered, (1) is the water sphere of radius 18 Å large enough, and (2) whether the most stable biotin structures in solution differ from the bound structure. To answer (1) positively, we increased the radius up to 40 Å and simulated the corresponding systems by MD to find that changes in the average biotin-water interaction energy are less than 1%. To answer (2), we carried out an extensive conformational search of biotin in vacuum using the MC minimization method, 42 which is expected to reach the global minimum for this relatively small molecule. Altogether 40 runs (each of 10 4 minimizations) were performed starting from 20 different initial structures and using constant and varying temperatures. The lowest energies (E btn-btn ) obtained range from -102 and to -119 kcal/mol as compared to E btn-btn ) -84 kcal/mol of the active site structure. Each of the ten lowest energy structures was then solvated with water and was subjected to a 200 ps MD simulation at 300 K. However, all of the final conformations were found to be similar to the active site structure, which therefore was used as the initial structure in the production MD runs in solvent.
The production (MD) run in solvent was started with energy minimization of the biotin-water system using the L-BFGS algorithm 43 until a gradient of 0.01 was reached; then the system was heated gradually to 300 K, and an MD equilibration run of 1 ns was performed followed by 2 ns production run from which a set of n s ) 88 equally spaced frames were taken for later reconstruction and TI calculations by HSMD-TI.
To test the validity of the protein model described earlier [denoted (1)] we defined two additional larger models where in model (2) the whole tetramer is considered (with a 18 Å water sphere), and model (3) consisting of the tetramer with 40 Å water sphere; for these models we calculated the various energy components. The differences are very small, for example E btn-tmpl ) 77.2, 78.4, and 78.4 kcal/mol and E btn-water ) 10.5, 10.5, and 10.4 kcal/mol for systems (1), (2) , and (3) respectively. We also decreased the charge of the template Histidines to zero to find again that the effect is small, for example E btn-tmpl was changed from 77.2 to76.9 kcal/mol. The 2 ns production run of biotin and water in the protein (with a fixed template) was carried out in the same way described above for biotin in solvent leading again to n s ) 88 equally spaced frames for later reconstruction and TI runs.
III.2. HSMD Results. We reconstructed n s ) 88 biotin conformations (denoted i) in both, the solvent and the protein, which has led to results of ∆R k , k ) 1...K ) 28. Each reconstruction step (out of 14) starts from conformation i with a 10 ps equilibration and a 60 ps production run where a future biotin conformation is stored every 6 fs for a later analysis; thus, the total sample for each step consists of n f ) 10 4 future conformations. The number of counts, n visit (eq 3) for each pair of bins is calculated leading to TP k′ , where the product of the 14 TPs is the distribution, F HS (eq 4), which leads to the entropy, S A (eqs 5 and 6). Results for S A are presented in Table 1 as a function of n f and bin size δ ) ∆R k /l where l ) 40, 80, and 100; as expected, these results decrease systematically as the approximation improves, that is, with increasing n f (and for the protein also with decreasing δ) and they seem to be close to convergence for n f ) 6 × 10 3 -10 4 . The corresponding results a The results were obtained by reconstructing 88 biotin structures selected homogeneously from MD samples of 2 ns for biotin in solvent and in the protein. The results are calculated as functions of δ ) ∆R k /l and n f (eq 3) -the bin and sample size of the future chains, respectively. S btn A is defined up to an additive constant that is expected to be the same for both environments. The maximal statistical error for TS btn A is 0.7 kcal/mol. The results for n f ) 10 4 are bold-faced.
for ∆S
A already converge to 7.1 ( 0.6 kcal/mol, which is thus considered to be the exact result. The significantly smaller entropy in the protein is expected due to the constraints imposed by the fixed template (stages 2 and 2′ in Figure 1) .
III.3. TI Results. For each of the 88 frames of the two samples, we carried out a TI procedure where biotin-water interactions are turned off gradually for a fixed biotin structure (and a fixed template). This annihilation was performed using a parameter λ, where the electrostatic interactions were removed first followed by the removal of the LJ interactions (in the presence of zero electrostatic interactions). This TI is based on soft-core potentials defined by parameters λ and δ, where δ ) 3 Å 2 . 44 For each type of interaction 22 values of λ (windows) were used (λ ) 0.95, 0.90, 0.85, ..., 0.10, 0.05, 0.03, 0.01, 0.00). As in our previous study, 20,21 integration step i starts by minimizing the last structure of the previous step, i -1, according to the potential energy of the current λ(t), followed by a 5 ps equilibration, which uses the set of velocities of the last i -1 structure (for λ ) 0.95 we used a longer equilibration of 15 ps); after equilibration, a 20 ps production run is performed.
The results for the various functionals related to F water TI are summarized in Table 2 (also stages 3 and 3′ in Figure 1 ), which demonstrates that the errors [sd/(88 1/2 ), where sd is standard deviation] are relatively small. This is important because the present system is the largest studied thus far by HSMD-TI. In Table 2 , we also present results for E water and TS water . In solvent the water-biotin interaction (λ ) 1) is relatively strong decreasing the energy of water by 43 kcal/mol (from λ ) 0) and as one would expect, the entropy of water is also decreased significantly by 24 kcal/mol, that is, TS water is ∼55% of E water . In the protein, biotin is secluded to a large extent from water which is characterized by small positive E water (∼1) and TS water (∼8 kcal/mol). The relatively large statistical errors in both the energy and entropy cancel each other to a large extent in F water TI . While we argue that ∆F loop should be taken into account (1 and 1′ in Figure 1 ) the present result, 25 ( 7 kcal/mol was obtained with a large error due to the uncertainty in the experimental conformation of the open loop in apo avidin. However, this is not an inherent limitation, as we have calculated ∆F loop for L3,4 of streptavidin (where both conformations are known) obtaining a comparable result, 27.2 ( 2 kcal/mol with a much smaller error. 45 It should also be pointed out that Lazaridis et al. (using implicit solvation) have estimated the effect of the structural changes in avidin upon its binding of biotin to find an energy of ∼21 kcal/mol, where most of the conformational changes are due to the loop. 46 V a Ω a was estimated from the 2 ns MD trajectory of biotin in the protein environment; we find, V a ) ∼244 Å 3 and Ω a ) ∼8π 2 /32, which leads to k B T ln (8π 2 V 0 /Ω a V a ) ) 3.2 ( 0.5 kcal/mol. As pointed out earlier, this calculation is approximate and one can argue that the result, k B T ln (Ω a V a ) ) ∼3.8 kcal/mol, is still an overestimation because Ω a and V a were evaluated separately, that is the correlation between them has been ignored. In any case, even 3.8 is much smaller than the error of ∼7 kcal/mol.
The correct evaluation of the entropy due to the change of the external coordinates of biotin in the active site can be obtained, for example, by adding two initial reconstruction steps to those based on the internal coordinates. First, a small cube with volume V is defined around the position x (relative to the protein) of the external atom of biotin conformation i; the system is then simulated, and the probability density, p x (i) ) m/(n f V) is calculated where m is the number of snapshots for which the cube was visited by the external atom out of the total n f snapshots. Then, the external atom is fixed at x and a similar procedure is carried out for calculating the probability density, p rotation (i) of the external rotation defined by the three Euler angles; thus, Table 3 for the protein and solvent environments; the table also shows the differences ∆ between the two sets. The most striking observation is that all the components have small statistical errors. The only exception is the results for F loop TI , which in this study have been obtained with high uncertainty as discussed in the previous paragraph; therefore we present the error ((7 kcal/mol) only for the difference, ∆F loop . This relatively large error affects also the result of the total free energy difference, ∆F sum ) ∆A 0 ) -24.4 ( 7 kcal/ mol, which covers the experimental value, -20.7 kcal/mol. Notice, however, that the error in F sum -F loop TI , that is, the error in the free energy without the error of F loop TI , is small, 0.5, 0.6, and 0.8 kcal/mol for the protein, solvent, and their difference, respectively; in this calculation the error of k B T ln (8π
/Ω a V a ) was not considered as well.
To check further the reliability of our results we have calculated ∆A 0 using DDM, by imposing a translational harmonic potential with K ) 3 kcal/(Å 2 ) on biotin in the active site; 47 (Table 3 and the following discussion); however, because we have argued that k B T ln (Ω a V a ) ) ∼3.8 kcal/mol is an overestimation, the agreement between the two methods is even better because the central value of the HSMD-TI, ∆A 0 ) -50.1 is actually larger becoming closer to the DDM result. Notice that in this comparison the effect of the loop has been ignored, as this effect is not calculated by HSMD-TI but by a standard TI procedure.
IV. Summary and Conclusions
This work is the first application of HSMD-TI for calculating the absolute binding free energy of a ligand to a protein. The avidin-biotin complex is the largest system (2000 template atoms and 350 waters) studied thus far by the method, and the high accuracy achieved is very encouraging. The errors in F water TI are small (partially) because the biotin structures are held fixed during TI. This should be distinguished from the commonly used methods where the ligand moves during TI and can leave the active site or alternatively should be kept there by restraints.
An important advantage of the reconstruction process of HSMD is that it directly provides the entropy of biotin in the protein and solvent environments hence their difference ∆S btn is known, which is a useful property in rational drug design. In previous studies ∆S was calculated for a loop (or a peptide) populating two different restricted regions in conformational space (microstates) where the resulting ∆S is thus small (e2 kcal/mol) and the required reconstruction runs are relatively short, of 5-10 ps. Here, for the first time the entropies are calculated for a flexible and a highly restricted microstate, where T∆S btn ) 7.1 ( 0.6 kcal/mol is relatively large for such a small molecule; however, this high accuracy requires longer reconstruction runs of 48-60 ps. (Still, almost the same accuracy has been obtained for n s ) 40.) Also, HSMD-TI provides directly the change in the entropy of water, TS water , which is again due to the fixed ligand (biotin) during TI.
To the best of our knowledge, this is the first study where ∆F loop , is taken into account in the calculation of the free energy of binding. However, while the accuracy of each (loop) integration is high the uncertainty in the experimental conformation of the open loop in apo avidin leads to a significant error. As pointed out earlier, this is not an inherent limitation as accurate results for ∆F loop were already obtained for streptavidin 45 and other loops, [19] [20] [21] where the open conformation is known. The relatively large contribution, ∆F loop ) ∼25 kcal/ mol suggests that if structural changes in a mobile loop (or other parts of the protein) occur due to ligand binding this effect should be considered. 46, 15 The fact that our result for the absolute free energy of binding, -24.4 ( 7 covers the experimental value, -20.7 kcal/mol is very encouraging. However, our model is based on a fixed template and biotin is treated here uncharged in contrast to the experimental conditions. To check the effect of the fixed template, we allowed a relatively small part of the template to move, carried out two 2 ns MD runs of the new avidin-biotin system from which a sample of 88 configurations has been extracted as before, for TI. The moving part of the template was determined by calculating the distance of each protein atom from the center of biotin; if the distance is smaller than 10 Å the entire respective residue is included in the moving template. In this way, we defined a partial template of 323 atoms (out of 2028), which were moved in the MD simulations while the positions of the rest of the template's atoms were held fixed; the water sphere was defined as before. Notice however that in the TI process the interactions of biotin with water and with the moving template are decreased simultaneously to zero (rather than only the biotin-water interactions as in the case of the entirely fixed template).
The results compared with those of a fixed template appear in Table 4 . The table reveals that E btn-btn is almost the same for the two models, whereas E btn-tmpl (for the fixed part of the template) has been changed dramatically from -72 (entire template is fixed) to 0.8 kcal/mol (the outer part of the template is fixed), meaning that beyond a radius of ∼10 Å the direct energetic effect of the template is small. Altogether, the moving template leads to an increase of ∆F total ) 7.1 kcal/mol in the total free energy. However, one would expect the entropy of biotin S btn (protein) (which was not calculated) to increase as well perhaps by 1-2 kcal/mol thereby decreasing the 7.1 value to 6 or 5 kcal/mol. This suggests that increasing the moving template further will not decrease ∆F total significantly and the effect of the loop is thus imperative for obtaining the experimental result. This calculation also shows that HSMD-TI can easily handle a moving template where the statistical errors are relatively small (Table 4 ). The effect of charged biotin is unclear as Wang et al. (using LIE) 48 obtained similar results for charged and neutral biotin; we shall study the charge effect by incorporating HSMD-TI within models that take into account long-range electrostatic effects. 49, 50 In summary. We have demonstrated the unique features of HSMD-TI (e.g., the direct calculation of S btn and S water ) and have verified that for a simplified model of the biotin-avidin complex the various thermodynamic components are computationally sound. This encouraging study constitutes the basis for the application of HSMD-TI to more realistic models of complexes of biological and therapeutic interest. Tables 1 and 2 , respectively. F sum , the total free energy, is defined up to an additive constant which is expected to be the same for the two environments. The errors of F loop TI are not given and are not included in those for F sum ; the large error of ∆F loop is included in ∆A 0 ) ∆F sum . results for the moving template include integration over both the moving template and water. F total is the sum of the energies and free energies in each row. The errors in the differences (bottom row) are the sum of the errors of the two components.
